A hallmark of microbes is their remarkable capacity to alter cellular structure and metabolism in response to changes in the environment. As a pathogen of freshwater protozoa, Legionella pneumophila must adapt to survive in water as a free-living microbe and to replicate in amoebae. At least a subset of the traits which contribute to this microbe's fitness in the environment also facilitate its growth in alveolar macrophages (7, 12) , which can result in the severe pneumonia known as Legionnaires' disease.
Expression of some L. pneumophila attributes has been correlated with growth conditions. For example, entry into macrophages and amoebae by coiling phagocytosis (18) is enhanced by prior growth in amoebae (9) . In addition, there are marked morphological and biochemical differences between amoebae-and broth-grown L. pneumophila (1, 9, 30) . Neither the environmental conditions nor the cellular machinery that regulates expression of L. pneumophila virulence traits has been identified.
For many microbes, the transition from the exponential to the post-exponential growth phase is marked by dramatic phenotypic changes (38) . In nature, L. pneumophila replicates exclusively in intracellular vacuoles, where bacterial density increases and nutrient levels presumably decrease with time. The aim of the present study was to determine whether bacterial density or nutrient levels determine the phenotype of L. pneumophila. To this end, the effect of culture conditions on expression of six L. pneumophila traits, including five correlated previously with virulence (5, 17, 19, 20, 29) , was examined. The results of this analysis suggest a model for how L. pneumophila alternately adapts to intracellular and extracellular environments.
MATERIALS AND METHODS
Macrophage cultures. Mouse macrophages were derived from bone marrow exudate cells obtained from femurs of A/J mice (Jackson Laboratory) as described previously (33) . For cytotoxicity and infectivity assays, 2.5 ϫ 10 5 macrophages were cultured in 0.5 ml of RPMI medium containing 10% fetal bovine serum (RPMI-FBS; GIBCO/BRL) per well of 24-well culture dishes. For immunofluorescence localization of flagella, 10 5 macrophages were cultured in 0.5 ml of RPMI-FBS on 12-mm-diameter coverslips of no. 1 thickness (Fisher Scientific).
Bacterial cultures. L. pneumophila Lp02, a virulent thymine auxotroph (2), was cultured in N-(2-acetamido)-2-aminoethanesulfonic acid (ACES; Sigma)-buffered yeast extract broth supplemented with 100 g of thymidine per ml (AYET) at 37°C with agitation. The solid medium was ACES-buffered charcoalyeast extract agar supplemented with 100 g of thymidine per ml (CYET) (10, 11) .
To test whether post-exponential-phase supernatants induced virulence, exponential-phase cells were collected by centrifugation for 5 min at 2,700 ϫ g and then resuspended with supernatants obtained by centrifugation of post-exponential-phase cultures for 5 min at 9,400 ϫ g. To test whether amino acid depletion induced virulence, cultures prepared in the manner just described were diluted with the equivalent of 1/10 of their volume with H 2 O, 100 mg of yeast extract per ml, or a cocktail of five amino acids judged most likely to be limiting (24) (6.5 mg of serine, 0.75 mg of tyrosine, 1.5 mg of asparagine, 0.94 mg of proline, and 0.75 mg of threonine per ml of H 2 O). After incubation with aeration at 37°C for various periods of time, the optical density at 600 nm (OD 600 ), cytotoxicity, sodium sensitivity, and motility of each culture were determined as described below.
Sodium sensitivity. To measure the sodium sensitivity of broth-grown L. pneumophila, AYET cultures grown to various ODs were diluted into H 2 O and then plated on CYET which did or did not contain 100 mM NaCl. To measure the sodium sensitivity of macrophage-grown L. pneumophila, pooled macrophage lysates and culture supernatants were collected as described previously (33) and then plated on CYET which did or did not contain 100 mM NaCl. The percentage of bacteria that were sodium resistant was calculated with the following formula: (CFU on CYET ϩ 100 mM NaCl)/(CFU on CYET) ϫ 100.
Cytotoxicity. To measure L. pneumophila cytotoxicity, bacteria suspended in RPMI-FBS were added to cultured macrophages at various ratios. After incubation for 1 h at 37°C, the bacteria were washed from the monolayers, and then the macrophages were incubated with 0.5 ml of 10% (vol/vol) Alamar blue (AccuMed, Inc.) in RPMI-FBS for from 4 h to overnight to allow the viable macrophages to convert the Alamar blue to its reduced form. Because an L. pneumophila thymine auxotroph was used for this study, the potential contribution of intracellular replication to cytopathicity was eliminated by omitting exogenous thymidine (2) . Therefore, this assay reports the fraction of macrophages killed by L. pneumophila during the 1-h infection period. The percentage of macrophages that were viable was calculated from triplicate supernatants by the following equation: (A 570 Ϫ A 600 ) infected /(A 570 Ϫ A 600 ) uninfected ) ϫ 100 (25) .
Osmotic sensitivity. To measure the osmotic sensitivity, aliquots of cultures grown in AYET to various ODs were transferred to AYET which did or did not contain 0.3 M KCl and then incubated for 1 h at 37°C. Next, cultures were diluted by a factor of 50 or more into H 2 O, agitated with a vortex mixer, and then plated on CYET to quantify colony formation. The percentage of bacteria that were osmotically resistant was calculated by the following formula: (CFU of KCltreated samples)/(CFU of untreated samples) ϫ 100.
Phagosome-lysosome fusion. The ability of phagosomes harboring L. pneumophila to evade macrophage lysosomes was quantified by fluorescence microscopy 2 h after infection, using the endocytic probe Texas red-ovalbumin as described previously (34) .
Infectivity. To measure the entry and survival of L. pneumophila in macrophages, bacteria and macrophages were cocultured at a 1:1 ratio for 2 h at 37°C. Extracellular bacteria were killed by a 30-min treatment with 10 g of gentamicin per ml of RPMI-FBS, and then intracellular CFU were quantified by lysing monolayers by trituration with phosphate-buffered saline (PBS) and plating duplicate aliquots on CYET. CFU added at 0 h was determined by diluting the infection medium into PBS and plating the diluted medium on CYET. The percentage of infectious bacteria was calculated from triplicate samples by the following equation: (gentamicin-resistant CFU at 2 h)/(CFU added at 0 h) ϫ 100.
Motility. Motility was scored qualitatively by examining wet mounts of L. pneumophila broth cultures by phase-contrast microscopy at a magnification of ϫ320. A culture was defined as motile if at least half of the bacteria in a field of at least 100 cells were judged to exhibit rapid, directed movement.
Flagellum production. Flagellum production by intracellular L. pneumophila was analyzed by immunofluorescence microscopy. Macrophages cultured on coverslips were infected for 1 h, washed twice to remove the majority of extracellular bacteria, and then incubated in fresh medium for various periods of time. Duplicate samples were fixed and stained essentially as described previously (33) , using the following reagents: supernatant containing a mouse anti-L. pneumophila flagellum monoclonal antibody (a gift from N. C. Engleberg) was diluted 1:100; Texas red-conjugated goat anti-mouse immunoglobulin G (Molecular Probes) was diluted 1:1,500; and bacteria were stained with 0.1 g of the DNA stain 4,6-diamidino-2-phenylindole (DAPI; Sigma) per ml of PBS. Preparations were examined with a Zeiss Axioplan 2 microscope equipped with a 100ϫ Plan-Neofluar objective lens with a numerical aperture of 1.3. L. pneumophila vacuoles which contained at least one flagellum were scored as positive; therefore, both flagellum production and stability are reported (see Fig. 2b ). Because necrotic macrophages often detached and were washed from the coverslips during the immunostaining procedure, it is likely that the number of flagellinpositive vacuoles was underestimated in the samples analyzed 22 h postinfection. Kodak T-Max ASA 400 film negatives were converted to digital images with an Archimboldi Leafscan-45 film scanner; the size, contrast, and brightness of each The ability of L. pneumophila grown to the indicated OD 600 s to evade macrophage lysosomes was quantified by fluorescence microscopy, using the endocytic probe Texas red-ovalbumin. Data were obtained from four experiments, in which the number of phagosomes scored was 35 ({), 75 (ᮀ), 50 (E), or 100 (‚). As a positive control, bacteria grown to an OD 600 of Ͼ2 and then killed with formalin were analyzed; a mean of 67% (standard error ϭ 13) of such particles colocalized with Texas red-ovalbumin. (F) The capacity of L. pneumophila grown to the OD 600 s indicated to enter and survive in macrophages was defined as protection from gentamicin added 2 h after infection. The mean percentage of infectious L. pneumophila was determined for duplicate or triplicate samples in four experiments, each represented by a different symbol.
image were optimized by using Adobe Photoshop software (Adobe Systems, Inc.).
RESULTS
To begin to understand how L. pneumophila adapts to distinct intracellular and extracellular environments, we examined six attributes of bacteria obtained from exponential-and postexponential-phase broth cultures.
By some undefined mechanism, sodium inhibits the growth of virulent, but not avirulent, strains of L. pneumophila (5, 31, 36) . To examine the effects of growth phase on sodium sensitivity, bacteria collected from cultures at different growth stages were plated on a microbiological medium which did or did not contain 100 mM NaCl, and colony formation was quantified. Exponential-phase L. pneumophila was resistant to sodium, a trait previously correlated genetically with avirulence (5, 31) . However, the transition to post-exponential phase was marked by a rapid 1,000-fold increase in sodium sensitivity (Fig. 1A and B) . Thus, expression of sodium sensitivity depended on the growth phase of L. pneumophila.
Virulent strains of L. pneumophila kill eukaryotic cells by an undefined mechanism that is independent of intracellular bacterial replication; in contrast, at least some avirulent strains are not cytopathic (20) . To determine whether growth phase affects expression of cytotoxicity by L. pneumophila, cultured macrophages were incubated for 1 h with bacteria obtained from cultures at different cell densities, and then macrophage viability was measured as the capacity to reduce the colorimetic dye Alamar blue. Post-exponential-phase L. pneumophila killed macrophages, while exponential-phase bacteria did not (Fig. 1C) . However, unlike its sodium sensitivity, L. pneumophila cytotoxicity was expressed for a limited period in the post-exponential phase. In one representative experiment, only 9% of macrophages survived a 1-h incubation with bacteria grown to an OD 600 of 2.06 and added at a ratio of 8:1. After an additional 3 h in broth culture, the bacteria were no longer cytotoxic; 80% of a macrophage culture survived a 1-h incubation with bacteria at a ratio of 15:1. Thus, expression of cytotoxicity by L. pneumophila was growth phase dependent.
As an intracellular parasite of freshwater amoebae, L. pneumophila presumably alternates between environments of high and low osmolarity. To test whether resistance to osmotic shock is regulated by growth conditions, bacteria collected from cultures at different growth stages were transferred to broth containing 0.3 M KCl and diluted into distilled water, and then colony formation was quantified. The plating efficiency of exponential-phase cells decreased more than 10-fold after osmotic shock, whereas post-exponential-phase cells were unaffected (Fig. 1D) . Therefore, similar to Escherichia coli (21), L. pneumophila became osmotically resistant in the post-exponential growth phase.
The ability of phagosomal L. pneumophila to avoid degradation by macrophage lysosomes is a key to its pathogenesis (2, 15, 17, 34) . To judge whether growth phase affected the intracellular fate of L. pneumophila, colocalization of phagosomes harboring exponential-or post-exponential-phase bacteria with a fluorescent endocytic probe was quantified by fluorescence microscopy. Approximately 80% of exponential-phase bacteria, but less than 5% of post-exponential-phase organisms, resided in the lysosomes, as judged by colocalization with Texas redovalbumin (Fig. 1E) . Thus, consistent with an earlier report (34) , the capacity of L. pneumophila to evade lysosomal degradation was acquired in the post-exponential phase.
As an independent measure of relative virulence, the abilities of exponential-and post-exponential-phase cultures of L. pneumophila to enter and survive in macrophages were compared. Two hours after addition of bacteria to cultured macrophages, less than 0.2% of an exponential-phase inoculum was intracellular and viable, as judged by resistance to exogenous gentamicin. In contrast, more than 5% of a post-exponential-phase inoculum entered macrophages and survived (Fig. 1F) . Thus, as predicted by their more efficient evasion of lysosomes, post-exponential-phase L. pneumophila organisms were more infectious than exponential-phase bacteria. Whether exponential-and post-exponential-phase bacteria bind and enter macrophages with the same efficiency was not investigated here.
L. pneumophila virulence and flagellum expression are correlated genetically, and yet motility and flagella per se are not required for intracellular growth (26, 29) . Instead, flagella and other virulence factors may be coordinately regulated (29) . To determine the effect of growth phase on L. pneumophila motility, bacteria obtained from cultures at different cell densities were examined by phase-contrast microscopy. Post-exponential-phase L. pneumophila cells were highly motile, but expo- nential-phase cells were nonmotile (data not shown). Thus, consistent with previous studies, motility and some L. pneumophila virulence factors appear to be coordinately regulated in response to growth conditions (29, 30) .
We next examined whether the L. pneumophila phenotype switched during growth in macrophages. Like in post-exponential-phase broth cultures, L. pneumophila released from host cells at the end of the intracellular replication period are motile (30) . Therefore, we determined by immunofluorescence microscopy whether flagellum production is regulated during growth in macrophages. As expected, exponential-phase bacteria, which are not motile, did not have flagella (Fig. 2a, panel  B , and data not shown), whereas 2 h after motile post-exponential-phase L. pneumophila cells were added to macrophages, nearly 100% of the intracellular bacteria were flagellated (Fig.  2a, panel A, and Fig. 2b) . However, by 6 h postinfection, phagosomes contained four to eight bacteria but only a single flagellum (Fig. 2a, panels C and D, and Fig. 2b) . After 19.5 h, vacuoles typically contained dozens of bacteria but no flagella (Fig. 2a, panels E and F, and Fig. 2b ). In contrast, 22 h after infection, necrotic macrophages containing dozens of flagellated L. pneumophila cells were frequently observed (Fig. 2a,  panels G and H, and Fig. 2b) . Thus, consistent with the expression of motility in the post-exponential phase, L. pneumophila produced flagella exclusively in the final phase of its intracellular life cycle.
L. pneumophila sodium sensitivity was measured throughout the primary cycle of macrophage infection. Concordant with the phenotype of exponential-phase broth cultures, during the replication period in macrophages, L. pneumophila was sodium resistant. Concomitant with macrophage lysis and release of bacteria, sodium resistance decreased significantly (Fig. 2c) . Thus, expression of at least two L. pneumophila traits depends on growth phase not only in broth but also in macrophages.
Interestingly, macrophages appeared to convert sodium-sensitive L. pneumophila to the sodium-resistant phenotype. When incubated for 24 h in RPMI-FBS alone, post-exponentialphase bacteria remained sodium sensitive (data not shown). In contrast, when an inoculum containing 4% sodium-resistant L. pneumophila was incubated with macrophages for 2 h, nearly 60% of the cell-associated bacteria were sodium resistant (Fig. 2c) . It did not appear that a subpopulation of sodiumresistant bacteria selectively associated with macrophages, because the total number of sodium-resistant bacteria typically increased threefold or more during the 2-h incubation (data not shown). We favor a model by which macrophages induce the L. pneumophila sodium resistance phenotype, most likely in the absence of bacterial division, because the L. pneumophila generation time in broth or cells is at least 2 h, L. pneumophila does not replicate in tissue culture medium, and intracellular growth is generally not observed until 4 h after infection (16, 19, 33, 37) .
During growth in broth and in macrophages, L. pneumophila apparently regulated expression of a number of virulence traits in response to environmental conditions. By analogy to other microbial regulation systems, this phenotypic switch might be triggered by the accumulation or the depletion of a particular factor from the local environment (13, 22) . Accordingly, exponential-phase cells should become virulent when transferred to post-exponential-phase culture supernatant, independent of the culture density. As expected, when exponential-phase cells were incubated for 3 h in broth obtained from post-exponential-phase cultures, cytotoxicity (Fig. 3B ), sodium sensitivity (Fig. 3C) , and motility (data not shown) were induced. Importantly, supplementation of the conditioned medium with either a complex or a defined supply of amino acids prevented the expression of all three traits (Fig. 3 and data not shown) . In particular, media which appeared to contain a limiting supply of amino acids induced exiting from the exponential phase and stimulated expression of the virulent phenotype, whereas media which supported bacterial replication did not (compare Fig. 3A to Fig. 3B and C) . Thus, when amino acids were limiting, L. pneumophila exited the exponential phase and expressed the virulent phenotype.
DISCUSSION
L. pneumophila is an opportunistic human pathogen whose natural reservoir is freshwater amoebae. To begin to understand how this microbe recognizes and responds to distinct extracellular and intracellular environments, the effect of culture conditions on expression of L. pneumophila sodium sensitivity, cytotoxicity, osmotic resistance, evasion of phagosome-lysosome fusion, intracellular survival, and motility was examined. The results of a series of quantitative microbiological and cell biological assays revealed the occurrence of a dramatic phenotypic switch as L. pneumophila exited the exponential growth phase. Taken together, these observations suggest the following model for the regulation of L. pneumophila virulence (Fig. 4) . When nutrient levels and other conditions are favorable in host cells, L. pneumophila expresses functions to replicate maximally. When amino acids become limiting, intracellular bacteria produce factors to lyse the spent host cell, to survive osmotic stress, to disperse in the environment, and to reestablish an intracellular niche protected from lysosomal degradation. Arrival in a rich, intracellular environment stimulates a return to the replicative phenotype.
The present model is consistent with previous studies of L. pneumophila virulence. In particular, L. pneumophila flagellum expression and virulence are correlated genetically, even though neither motility nor flagella are required for intracellular growth (26, 29) . Compared to bacteria grown in a microbiological medium, L. pneumophila organisms released from eukaryotic cells are short, thick, and highly motile; they have a smooth, thick cell wall, a higher ␤-hydroxybutyrate content, and different staining properties, and they express a different array of proteins (1, 9, 30) . In addition, temperature can affect the morphology of extracellularly grown L. pneumophila (14, 24, 28) . Whether the corresponding genetic determinants of all or some of these L. pneumophila traits constitute a regulon which responds to amino acid levels remains to be determined.
The pattern of expression for a particular virulence trait may provide clues to its function or biochemical basis. For example, the role of the putative L. pneumophila cytotoxin (Fig. 1C and  3B) has not been established. Our observation that maximal cytotoxicity is expressed for a limited period in the stationary phase suggests that a L. pneumophila cytotoxin mediates escape from the host cell. However, our experiments have not ruled out an alternative model in which this apparent cytotoxic activity is required by L. pneumophila during uptake to direct formation of its novel replication vacuole.
Genetic and kinetic studies (5, 31, 36) (Fig. 1 ) have correlated L. pneumophila sodium sensitivity with virulence; however, the biological basis for this trait is not understood. It has been proposed that the assembly and/or activity of a virulence factor translocation apparatus, such as the putative Icm-Dot protein complex (32, 35) , may allow inhibitory levels of sodium to diffuse into the cytoplasm of post-exponential-phase cells (36) . The coincident induction of L. pneumophila sodium sensitivity, cytotoxicity, and infectivity in response to nutrient limitation is consistent with such a mechanism.
L. pneumophila shares with several other bacterial pathogens the ability to respond to changing conditions to ensure its survival in the environment (27) . For example, the virulence of Mycobacterium avium is enhanced by growth in macrophages or amoebae or by exposure to low oxygen tension or high osmolarity (3, 4, 8) . Similarly, the ability of Salmonella spp. to enter mammalian cells is induced when oxygen is limiting (23) . Finally, expression of streptococcal erythrogenic toxin B and the Salmonella spv genes is regulated in response to nutrient depletion (6, 13) . A detailed understanding of the regulation of L. pneumophila virulence will likely facilitate the identification of the effector functions which enable this pathogen to parasitize eukaryotic cells. Knowledge of the L. pneumophila virulence regulation machinery may also suggest methods to eradicate this pathogen from the environment or the infected lung.
